F
etal inflammatory response (FIR) in histological chorioamnionitis (HCA) is defined by the detection of polymorphonuclear cells within the wall of vessels in umbilical cord (UC) (funisitis) and chorionic plate. HCA is a surrogate of intra-amniotic infection and intrauterine inflammation, and its frequency increases with lower GA at birth (1) . FIR is considered an advanced stage of HCA and in preterm infants increases the risk for perinatal mortality and morbidity, particularly of neonatal brain damage (2, 3) . The latter is one of the most severe short-and long-term complications of preterm birth (PB), particularly in extremely low gestational age newborns (ELGANs)-preterm infants born before 28 wk of gestation (4) .
Here, we describe the results of a gene expression analysis of FIR in UC tissue using data from a previously published study by Cohen et al. (5) . In that study, the authors profiled gene expression using microarrays in UC tissue at birth from a cohort of n = 54 ELGANs. Their goal was to search for gene expression changes in bronchopulmonary dysplasia and, in fact, did not find any with false discovery rate (FDR) < 5%, corresponding to an uncorrected P < 10 −6 . However, exploring the extensive clinicopathological data from the ELGAN cohort (4) (Supplementary Tables S1-S3 online) and the molecular metadata from the microarray chips (Supplementary  Table S4 online), we have been able to obtain an appropriate experimental design that has allowed us to interrogate these data for differentially expressed (DE) genes between FIR and non-FIR-affected ELGANs.
RESULTS

UC tissue carries a FIR gene expression signature in ELGANs
Using state-of-the-art statistical techniques and software for processing and analyzing microarray gene expression data, we discarded six samples, from the initial n = 54, that did not meet specific quality control criteria (Supplementary Figures S1-S6 and Supplementary Table S5 online). Because FIR status was also missing in some of the samples, the final data set analyzed in this paper consisted of n = 43 samples in which 18 were derived from FIR-affected infants and 25 from unaffected ones. After background correction and normalization of the microarray samples, a differential expression analysis with linear models (6) , in which batch and other sources of FIR-unrelated variation were adjusted (7) , showed that up to 19% of genes (3,896 out of 20,155) changed their expression at 1% FDR.
The magnitude of change among these 3,896 genes ranged from 1.12 to 32.7-fold difference between FIR and non-FIRaffected ELGANs. Using a minimum 1.5-fold change cutoff, we called 1,097 DE genes. From these, 592 were upregulated and 505 were downregulated (Figure 1 and Supplementary Tables S6 and S7 online). A functional enrichment analysis of these genes with the gene ontology (GO) database (8) yielded 542 and 35 significant GO terms (FDR < 10% and odds ratio (OR) > 1.5) by up and downregulated genes, respectively (Figure 2 and Supplementary Tables S8 and S9 online).
Upregulation of innate and adaptive immune pathways in FIR
We found that genes involved in the innate immune response were among the top 10 upregulated genes with largest fold change (Supplementary Table S6 online), such as calgranulins (S100A8, S100A9, S100A12), the lyzome (LYS), chemokines (CXCL8, CXCL1, CXCL5, CCL2), and the pentraxin 3 (PTX3). The GO enrichment analysis of upregulated genes also showed multiple significant GO terms (FDR < 10%, OR > 1.5) of the innate immune system. Among the top 10 enriched GO terms with largest OR (Figure 2 and Supplementary Table S8 online), we found terms related to the activation of neutrophils (e.g., neutrophil extravasation), monocytes (e.g., mononuclear cell migration), and oxidative stress (OS) (respiratory burst). We also tested the enrichment of a targeted collection of 17 immune pathways (16 innate (9) and one T helper type 17 (T H 17) response (10)) by the subset of significant 592 upregulated genes at 1% FDR with a minimum 1.5-fold change. Using one-tailed Fisher's exact tests, we found 12 of these 17 immune pathways to be significantly enriched at 10% FDR with OR > 1.5. More concretely, we found enrichment of DE genes in the T H 17 response pathway and in 11 innate response pathways ( Table 1) . Next to the enrichment of DE genes in the T H 17 response pathway, we found additional evidence of an As a result of the activation of the innate and adaptive immune systems, the inflamed tissue may show cellular adaptations such as apoptosis and cellular senescence. We found enrichment of upregulated DE genes in apotosis (9) and senescence (11) gene sets (FDR < 10% and OR > 1.5); see Table 2 . Finally, we also interrogated the Human Phenotype Ontology (HPO) database (12) and found a significant enrichment of upregulated genes in HPO terms (FDR < 10% and OR > 1.5) related to skin, dental and respiratory infections (Supplementary Table S10 online). This suggests that some of the upregulated gene expression changes associated with FIR are similar to those caused by infection of surface tissues.
Downregulation of neurodevelopmental pathways in FIR
We found enrichment of downregulated DE genes in GO terms associated with neurodevelopment (see Figure 2 and Supplementary Table S9 online), such as neural crest cell development (OR = 6.25), astrocyte differentiation (OR = 5.51), forebrain development (OR = 2.33), and synaptic transmission (OR = 1.90). Among the most significantly downregulated genes (Figure 1 and Supplementary Table S7 online), we found CNTN1, FMR1, and APC, in which CNTN1 is a cell adhesion molecule that plays a role in the orderly progression of cortical development (13) , FMR1 encodes the Fragile-X mental retardation RNA-binding protein whose loss of function causes Fragile-X syndrome and which is essential for cognitive development by regulating translation in neurons (14) , and APC encodes an RNA-binding protein implicated in RNA localization and required for human neuron and axon migration (15) . We mapped the FMRP and APC target genes found by HITS-CLIP (14, 15) to our data set and observed a significant enrichment of downregulated genes at FDR < 1% in these two gene sets (one-tailed Fisher's exact P = 1.08 × 10 −6 , OR = 1.49 and P = 0.01, OR = 1.44, respectively; Figure 1 ). These findings were unexpected because there is no neuronal tissue in UC. Interestingly, we observed enrichment of the GO terms stem cell development (OR = 1.89) and stem cell differentiation (OR = 1.75), and in a gene signature of 19 selective markers for UC mesenchymal stem cells (MSCs) that mapped to our data set (16), we also detected a significant enrichment by upregulated genes (one-tailed Fisher's exact P = 0.001, OR = 11.64, Figure 1 ).
A molecular signature of severe FIR
Advanced histological patterns of FIR are associated with perinatal brain damage (17) ; therefore, gene expression profiles of UC tissue from infants with "severe FIR" can potentially shed light on molecular mechanisms leading to adverse neurological outcome. Despite the limited sample size of n = 43, we observed in our data an increasing fraction of intraventricular hemorrhage (IVH) and white matter disease (WMD) cases among FIR-affected over unaffected infants (Supplementary  Table S2 online), which grows markedly when considering only the n = 17 infants who were not administered antenatal glucocorticoids (ACS), and even significantly in the case of IVH. (two-tailed Fisher's exact P = 0.005 and P = 0.1 for WMD; see Supplementary Table S3 online).
Using the joint IVH and WMD condition as surrogate for severe FIR, we compared the expression profiles of infants affected by all three conditions FIR, IVH, and WMD (n = 4) with those not affected by any of them (n = 22) and found 183 DE genes with FDR < 1%, 151 of them with a minimum 1.5-fold change (Supplementary Table S11 online). These figures increased more than threefold up to 570 and 566 genes, Apoptosis and senescence pathways significantly enriched (FDR < 10% and OR > 1.5) by genes upregulated in FIR with FDR < 1% and minimum 1.5-fold change. FDR, false discovery rate; OR, odds ratio.
Articles respectively, when restricting the comparison to infants who were not administered with ACS (n = 3 FIR/IVH/WMD vs. n = 10 non-FIR/non-IVH/non-WMD); see Supplementary  Table S12 online. In this comparison, we observed that calgranulin genes remain among the top 10 upregulated genes. However, many of the expression changes occurred in genes that either did not change significantly their expression or did it below a 50% magnitude, in the comparison between FIRaffected and non-FIR-affected infants from the whole data set of n = 43 samples. For instance, the nerve injury-induced protein 2 gene (NINJ2), which is involved in nerve regeneration after nerve injury, is significant at FDR < 1% in both cases but its significance level and fold change increase, respectively, from P = 2.45 × 10 −3 to P = 9.79 × 10 −5 and from 1.3-fold to 3.7-fold. A GO functional analysis among the 310/566 upregulated DE genes with FDR < 1% and minimum 1.5-fold change yielded 70 significantly enriched GO terms (FDR < 10% and OR > 1.5), 4 of which were exclusively enriched by upregulated genes called DE only in the joint FIR/IVH/WMD comparison: oxygen transport, hydrogen peroxide catabolic process, tetrapyrrole metabolic process, and homeostasis of number of cells (Supplementary Table S13 online). Downregulated genes (256/566) enriched only two GO terms (FDR < 20% and OR > 1.5) associated with neurogenesis (negative regulation of neurogenesis) and morphogenetic processes in central nervous system development (negative regulation of cytoskeleton organization; see Supplementary Table S14 online). These results show that expression changes in UC tissue, occurring under a joint FIR/IVH/WMD condition, convey a molecular signature of severe FIR concealing additional clues on molecular mechanisms associated with neonatal brain damage.
DISCUSSION
We have shown that FIR is characterized by a broad and complex acute inflammatory molecular expression signature in UC tissue of ELGANs. Previously, Madsen-Bouterse et al. (18) explored gene expression changes in UC blood leukocytes of preterm infants with fetal inflammatory response syndrome and funisitis (FIR) (n = 10) vs. a control group (n = 10), and they reported a total of 541 genes changing significantly at 5% FDR.
Among the 20,155 genes analyzed in our study, 483 from the 541 genes reported by Madsen-Bouterse et al. (18) mapped to our data, overlapping significantly with our FIR signature (one-tailed Fisher's exact P < 2.2 × 10 −16 with OR = 2.67 for DE genes with FDR < 1% and P < 2.2 × 10 −16 with OR = 3.58 for DE genes with FDR < 1% and minimum 1.5-fold change). The comparison of the log 2 -fold changes (Supplementary Figure  S7 online ) of these overlapping genes shows that even though there are important differences in the RNA source and microarray technology employed in both studies, the magnitude of expression change shows a positive and significant correlation in every subset of genes derived at different significance levels (0.39 < ρ < 0.51 with P < 3.16 × 10
−4
). There is, however, an important discrepancy in the extent of the expression changes reported by Madsen-Bouterse et al. (18) and us. We found a total of 3,896 DE genes with FDR < 1% between the UC tissue of FIR and non-FIR infants, a figure that increases up to 5,461 with FDR < 5%, one order of magnitude above the 541 DE genes found by the study of Madsen-Bouterse et al. (18) at the same significance level. To rule out the possibility that this discrepancy is due to our larger sample size (n = 43 vs. n = 20), we carried out a simulation study matching the fetal inflammatory response syndrome group sample composition, showing that on average one expects 4,532 DE genes with FDR < 5% (Supplementary  Figure S8 online) . Therefore, we can conclude that the main difference between the Madsen-Bouterse et al. 's (18) study and ours has a biological explanation, and more concretely, on the origin of biological samples that points to the participation of UC cells, apart from UC blood leukocytes, in the FIR molecular signature.
The immune cells that trigger the production of inflammatory mediators in UC blood in FIR are not yet fully characterized (19) . Madsen-Bouterse et al. (18) did not find differential expression of the IL6 gene in UC blood leukocytes. Diverse studies (20, 21) have failed to detect differences in the concentration of the mRNA encoding for interleukin (IL)-6 in UC blood leukocytes between infants with elevated concentration of IL-6 in UC blood vs. control, and the authors have proposed that other cells than UC blood leukocytes participate in the production of inflammatory mediators. We did find differential expression in the IL6 gene and in multiple other inflammatory genes that participate in the innate immune response (Supplementary Table S6 online). We found DE genes related to neutrophil activation and migration (e.g., CXCL8, CXCL1, CXCL2); activation of endothelium (e.g., ICAM1, ICAM3, SELE, ITGB2); production of reactive oxygen species and OS (e.g., SOD2, GPX3, MGST1); secretion of cytokines (e.g., IL1B, NAMPT, MMP9); synthesis of leukotrienes (e.g., ALOX5), and prostaglandins (e.g., PTGES). On the other hand, Hecht et al. (22) recently demonstrated that ELGANs with funisitis (FIR) had elevated blood concentrations of multiple inflammatory mediators during the first 3 days after birth. Thus, altogether, it suggests the hypothesis that UC cells participate in the onset of FIR, which can result in a systemic neonatal inflammation after birth.
The origin of HCA in PB has been traditionally attributed to an ascending intrauterine infection. However, recent evidence (23) suggests that one of the initial events of HCA could be a microbial invasion of the amniotic cavity. Gillaux et al. (24) have shown the capacity of amniotic epithelial cells to trigger an immune response through TLR recognition. We found upregulation of TLR2 and TLR8 genes, and genes encoding proteins that participate in the downstream signaling pathways associated with TLR activation (e.g., MYD88, CD14, IRAK3, NFKB1, and NFKB2). In addition, genes encoding for S100 calgranulin proteins (S100A8, S100A9, and S100A12), which can act as damage-associated molecular patterns ("alarmins"), are among the most upregulated genes in FIR and severe FIR (Supplementary Tables S6 and S12 online). Among the body of evidence consistent with these results, Buhimschi et al. (25) has shown that the calgranulin S100A12 is associated with clinically significant funisitis in amniotic fluid. On the other hand, Kim et al. (26) has demonstrated that skin samples from fetal autopsies, which had chorioamnionitis with fetal vasculitis (FIR) on placental examination, showed perivascular inflammatory cell infiltration by neutrophils, lymphocytes, and histiocytes in the superficial dermis, and TLR-2 immunoreactivity in the skin. Interestingly, we found a significant enrichment of upregulated genes in HPO terms related to skin infections (Supplementary Table S10 online). In summary, it is biologically plausible that microbial invasion of the amniotic cavity triggers the onset of downstream molecular pathways by UC epithelial cells and TLR recognition, which initiate the production of inflammatory mediators and the recruitment of blood leukocytes to UC tissue (Figure 3) . Afterwards, the production of calgranulins and reactive oxygen species can act as alarmins, enhancing FIR. These results support the role of calgranulins as biomarkers of intra-amniotic inflammation in PB (25) .
The role of the adaptive immune system has not been fully investigated in comparison to the innate system in FIR. In preterm infants, Duggan et al. (27) and Luciano et al. (28) have demonstrated that neonatal brain damage and PB were associated with T-cell activation. In premature infants, these cells have a bias to differentiate in T H 17 cells, which play a prominent role in the body defense against extracellular microbes at epithelial barriers. In our study, we found a significant enrichment of DE genes in the T H 17 response pathway (e.g., HIF1A) and in GO terms related to T-and B-cell activation ( Table 1 and Supplementary Table S8 online). Interestingly, HIF1A encodes for a transcription factor protein that can induce the differentiation of T H 17 vs. T-regulatory cells. Thus, our results corroborate the activation of the fetal adaptive immune system in FIR, concretely of T H 17 cells, and support the evidence of an adaptive immune response in intrauterine inflammation during PB (Figure 3) . This has been shown to occur through the induction of a T H 17 cell response by the activation of the IL-1/ IL-17 axis (29) .
The cellular adaptation of UC tissue to FIR is of pathogenic interest, yet it has been poorly investigated. Senescence is one such cellular adaptations in response to noxious stimuli such as OS, and it is defined by an irreversible cell-cycle growth arrest, and by the synthesis of multiple inflammatory mediators (senescence-associated secretory phenotype). We found endogenous enzymatic antioxidant encoding genes (SOD2, GPX3, MGST1) and matrix metalloproteinases (MMP9, MMP10, MMP19) upregulated in FIR (Supplementary Table  S6 online) and a significant enrichment of multiple OS-related GO terms (e.g., superoxide anion generation; Supplementary Table S8 online), of senescence pathways, and of a UC MSCs expression signature ( Table 2) . OS damage and the activation of senescence pathways have been proposed as candidate pathogenic mechanisms in PB and neonatal diseases (30, 31) . Thus, the acute inflammatory cascade and OS generated during FIR may damage MSCs, which could enter into a senescence state with senescence-associated secretory phenotype that in turn may also participate and enhance FIR (Figure 3) . Accumulated evidence indicates that intrauterine inflammation participates in the genesis of encephalopathy of prematurity. While epidemiological studies have demonstrated that FIR increases the risk of brain damage, few investigations have explored pathogenic mechanisms behind this association. We found that downregulated genes enriched significantly GO terms related to fetal development, particularly of brain (Supplementary Table S9 online). We observed downregulation of neurodevelopmental genes such as FMR1, APC, and their targets, and CNTN1, which are essential for cognitive development (13) (14) (15) . Despite its limited sample size (n = 43), the data set analyzed in this article recapitulates the significant association between FIR and IVH after adjusting by ACS (Supplementary Table S3 online), reported in larger studies (32) . Using the perinatal neurological status (IVH and WMD), we found a molecular signature of severe FIR and evidence of the effect of the ACS therapy at molecular level. Overall, these Articles findings are consistent with the hypothesis that expression changes in UC caused by strong intrauterine inflammation conceal clues on neurological damage. One possible molecular mechanism for this hypothesis is the presence of MSCs in UC, which have the capacity to differentiate into neurons and could be damaged by FIR. Given that we observed the differential expression of key genes and pathways associated with MSCs in UC tissue, we postulate that UC MSCs could constitute a useful system for modeling perinatal brain damage in ELGANs. In fact, several studies (33) have already used human pluripotent stem cells, obtained from tissue of patients affected by diverse disorders, including neurological diseases, for investigating mechanisms of disease. In turn, hypotheses on precise pathogenic molecular mechanisms, such as the loss of function of neurodevelopmental genes (e.g., CNTN1, FMR1, and APC) provide an array of potential therapeutic targets (34) to fight against such an adverse neonatal outcome.
METHODS
The bioinformatic and statistical analyses described in this section were performed using R version 3.1.3 and multiple add-on software packages deposited at the Comprehensive R Archive Network and at the Bioconductor project (35) release 3.0. Scripts reproducing the analyses described in this section are available in the Supplementary Data online.
Subjects and clinical data
The data analyzed in this article were generated by Cohen et al. (5) using UC samples derived from preterm newborns at 23 to 28 GA weeks enrolled in the ELGAN study (4) , and therefore, informed consent was not required to conduct the bioinformatic and statistical analyses presented in this article. A full description of the ELGAN study, sample collection, and preparation is provided elsewhere (4, 5) . Phenotypic and clinical data were obtained through the ELGAN Publication and Data Analysis committee for the purpose of this research and are described in Supplementary Tables S1 to S3 online. The clinical record of each infant included the presence or absence of neutrophils in UC and chorionic plate. From these two factors, we built a binary variable indicating the activation of FIR when neutrophils were present in either the UC or the chorionic plate and, conversely, indicating the lack of FIR when neutrophils were absent from both UC and chorionic plate. For six infants, FIR status could not be determined due to missing values occurring in these two factors and that precluded using the previous rule.
Data import, quality assessment, and normalization Raw data CEL files corresponding to the n = 54 samples of RNA in UC, hybridized on Affymetrix HG-U133 Plus 2.0 gene expression microarray chips and initially published by Cohen et al. (5) were downloaded from the Gene Expression Omnibus (National Center for Biotechnology Information, Bethesda, MD) using the accession GSE8586. Batch processing information was derived from the scanning timestamp stored in CEL files as previously described (36) , creating a batch indicator variable that divided the samples into three different batches. The cross-classification of infants by FIR status and batch indicator showed no correlation between the primary outcome of our analysis, FIR status, and sample batch processing (Supplementary Table S4 online).
We applied seven quality assessment diagnostics on the whole set of n = 54 samples and flagged by visual inspection those showing potentially problematic features (Supplementary Figures S1 to  S6 online) . We ranked samples by the number of flagged diagnostics (Supplementary Table S5 online) and discarded six that failed in the majority of them. Raw data from the remaining n = 48 samples were normalized into Affymetrix probesets using fRMA (37) leading to an expression data set of P = 54,675 probesets by n = 48 samples. At this point, we also excluded from further analysis five samples for which the FIR status was missing, ending with a final set of n = 43 samples.
Nonspecific filtering and differential expression analysis
A first nonspecific filtering step was performed to remove probesets of little interest for the rest of the analysis. Concretely, we removed probesets without annotation to Entrez gene identifiers, probesets annotated to a common Entrez gene keeping the one with highest variability measured by the IQR, and Affymetrix control probesets. This resulted in an expression data set of P = 20,155 probesets in oneto-one correspondence with Entrez genes, by n = 43 samples.
Using the top 10% most variable (IQR) genes, we estimated covariates that capture variability unrelated to FIR status and batch, with surrogate variable analysis (7) We considered discarding nine fractions, from 10% to 90%, of genes with lower variability (IQR). In the remaining genes from each fraction, we adjusted the previously calculated P values by FDR and tallied the number of genes with FDR < 1%. In a second nonspecific filtering step, we removed from further analysis the fraction of genes with lower variability that maximized the amount of detected differential expression (38) at 1% FDR. Supplementary Figure S9 online shows that this fraction was 40% (8,062 genes from 20,155), which enabled adjusting by FDR on a reduced data set of 12,093 genes providing a set of 3,896 genes changing significantly at 1% FDR, 1,097 of them with a minimum 1.5-fold change.
When analyzing the subset of n = 17 infants who were not administered with ACS, we introduced two changes to this procedure. First, we used a factorial design without intercept term, estimating all the three-way effects of FIR, IVH, and WMD. Then, we calculated the moderated t-statistic based on the contrast that compared infants affected by all three FIR, IVH, and WMD effects against those not affected by any of them. Second, due to the small sample size, we removed from the model the x B term corresponding to the batch indicator variable and let surrogate variable analysis to estimate any effects unrelated to the contrast of interest.
Differential expression analysis with smaller sample size
From the entire data set of n = 43 infants, we generated 100 bootstrapped data sets with a sample-group composition identical to the study by Madsen-Bouterse et al. (18) . Infants in each bootstrapped data set were randomly sampled with replacement ensuring that there were n = 10 FIR-affected infants, n = 10 non-FIR ones, and at least one sample per batch. In each bootstrapped data set, we carried out a differential expression analysis identical to the one performed on the whole data set. The number of genes, P values, and absolute log 2 -fold changes shown in Supplementary Figure S8 online correspond to those with FDR < 5% to match the significance level employed by Madsen-Bouterse et al. (18) .
Functional enrichment analysis
Functional enrichment analyses with the GO and the HPO databases were performed using a conservative implementation of the conditional hypergeometric test (39) in the GOstats Bioconductor package (40) , where a significant conditioning term was identified not only on the basis of a P value cutoff, but also using minimum OR and gene-set size thresholds. In all GO and HPO enrichment analyses, we used a P value cutoff of 0.01, a minimum OR of 1.5, and a minimum and maximum gene set sizes of 5 and 300 genes, respectively. Among the previously identified GO or HPO terms, we discarded those whose 
